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Abstract.  The spatialandtemporalvariationin photochemicaproduction
of ozoneover major sourceregionsin EastAsia during the NASA Transport
and ChemicalEvolution over the Pacific (TRACE-P) measurementampaign

in Spring2001is assessedsing a global chemicaltransportmodel. Thereis a
stronglatitudinal gradientin ozoneproductionin springtime,driven by region-
al photochemistrywhich rapidly diminishesasthe seasomprogressesThe great
variability in meteorologicakconditionscharacteristiof EastAsia in springtime
leadsto large daily variability in regional ozoneformation, but we find that it
hasrelatiely little impacton the total global production.We notethat transport
processegffectively modulateandthus stabilizetotal ozoneproductionthrough
their influenceover its location. However, the impacton the global ozonebur-
den,importantfor assessinghe effects of precursoremissionson tropospher

ic oxidizing capacityand climate,is sensitve to local meteorologythroughthe
effects of location on chemicallifetime. Stagnantanticyclonic conditionscon-
ducive to substantiaboundarylayer ozoneproductiontypically allow little lift-
ing of precursorsnto the free tropospherevheregreaterozoneproductioncould
occur andthe consequenshorterchemicallifetime for ozoneleadsto relative-
ly smallimpactson global ozone.Corversely cyclonic conditionswith heary
cloud cover suppressingegional ozoneproductionare often associatedvith sub-
stantialcloud corvection,enhancingsubsequenproductionin the free tropo-
spherewherechemicallifetimes arelonger andthe impactson global ozoneare
correspondinglygreater We find that ozoneformationin the boundarylayer and
free troposphereutsidethe region of precursoremissionsdominatedotal gross
productionfrom thesesourcesn springtime,andthatit makesa big contribu-

tion to the long rangetransportof ozone,which is greatesin this season.
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1. Intr oduction

Photochemicaformationof ozonein the tropospherdrom precursorspeciesuchasnitro-
genoxides(NQO,), carbonmonoxide(CO) andhydrocarbonseadsto a degradationof local air
guality[Haagen-Smit1952]andto aglobalincreasan O; thatleadsto aglobalwarming[Lacis
etal., 1990;Hansenet al., 1997]. Thelink betweentheseregional andglobalimpactsis be-
comingincreasinglyevident[Hansen 2002]. Ozoneis alsothe principalsourceof tropospheric
OH radicalsandthereforecontrolsthe rate at which gasessuchas methaneare oxidised[e.g,
ChameidesandWalker, 1973;Crutzen 1974; Thompson1992]. On a global scale the photo-
chemicalproductionof O3 in thetroposphergenerallydominateshe stratospheriinflux [Liu
etal., 1980;Lelieveld and Denteney 2000; Pratherand Ehhalt, 2001]. While the production
mechanismarewell known [e.g., Chameidesaind Walker, 1973; Crutzen 1974;Loganetal.,
1981],themagnitudetiming andlocationof greatesD; formationdependn the meteorologi-
cal ervironmentaboutthe region of precursoremissions.Meteorologicalprocessesffectively
modulatethe chemicalprocessingf O; throughthe amountof sunlightandwatervapour the
residencdime in the boundarylayer, the dilution andmixing of differentprecursorsandtheir
scarengingby cloudsandprecipitation,andthe long-rangetransportanddispersionof the O
produced.

In the pollutedboundarylayer, the lifetime of O; to chemicaldestructionanddepositionis
relatively short(~days),but remaindongerthantypical dynamicaltime scaleghoursto days),
andhencenuchoftheO; formedtheremaybetransportedo cleaneervironments Atmospheric
lifting processeassociatedvith convectionor frontal systemgPickering etal., 1990;Bethanet
al., 1998]areparticularlyimportantin controllingthe globalimpactsof the O; formedasthey

raiseit higherinto thetropospherevherethelifetime to chemicaldestructioris longer(weeksto
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momths). Transportof O3 precursor®ut of pollutedemissionregionstypically leadsto slower
but greatertotal O3 production[Liu etal., 1987],andsupplementgroductionfrom sourcesn
thetroposphersuchaslightning. Theexportof short-livedprecursorsuchasNQO,, is generally
inefficient [Horowitz et al., 1998]andsubsequen®; productionin the free tropospherdrom
boundarylayersourcess thereforedependenvntemporarystorageaslongerlivedNO, species
andon the locationandtiming of rapid verticaltransportby corvection. Chatfieldand Delany
[1990] provided contrastingexamplesof Os; productionin biomassburningplumesundegoing
delayedor immediateconvective lifting, colourfully termed“cook-then-mix” and “mix-then-
cook” scenariosgdemonstratingery differentimpactson regionalandglobal O;. While rapid
boundarylayerformationin stagnantonditionsover pollutedurbanregionsin the presencef
strongsunlightand high temperaturesnay lead to a large buildup of smogOs, Sillmanand
Samsonpl1995]speculatedhattheimpactsonglobal O3, andhenceon climate,maybelessthan
in overcastconditionswhereO; buildup is small, but the export of precursorss larget The
balancebetweenregional and downwind productionandits sensitvity to meteorologyis thus
importantbothfor assessintheimpactsof surfaceemissionn air quality andclimate,andfor
understandingpow globalor regionalclimatechanganay affecttheseimpactsin the future.
Thisstudyusegheextensive setof measurementndanalysisrom theNASA Transporand
ChemicalEvolution over the Pacific (TRACE-P) measurementampaignrheld in Spring2001
[Jacobetal., 2003]asacasestudyto examinethemeteorologicafactorscontrollingproduction
of O3 from fossil fuel sourcesover EastAsia. Outflow of pollution from rapidly-developing
countriesaroundthe Pacific Rim is known to influencetropospheri®®; onahemisphericcale,
andhasthe greateseffectsin springtime[Berntseretal., 1996; Jacobet al., 1999; Mauzeall

et al., 2000; Wld and Akimotq 2001; Bey et al., 2001]. The meteorologyof the region in
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sprimgis characterisedby strongfrontal activity which lifts pollution into the path of strong
westerlywinds which may carry it acrossthe Pacific. This transportis consequentlyepisodic
in nature[Yienger et al., 2000], asthe passagef successie low pressuresystemsnterlaces
polluted continentaloutflow with cleaney marineair [Mari etal,, 2003]andwith dry air from
thestratospherdescending trailing anticyclones.Themeteorologicaprocessekeadingto this
variability in outflow alsostronglyinfluenceO; productiondirectly via theirimpactson mixing
processedhumidity, photolysisratesandscavengingof precursorsproviding ideal conditions
for studyof variability in O3 productionandits globalimpacts.

While previousstudieshave characterizethe productionandexportof O; from EastAsiaon
a seasonabr annualbasis,this studyusesthe day-to-dayvariationsin weatherto identify the
meteorologicafactorscontrolling the build up of tropospherid)s. By following the emission
of O3 precursoreachday from a specifiedregion individually, we areableto shov how the
different meteorologicalkconditionsaffect local versusregional productionand thus how the
synopticweatherpatternscontrol the netimpactof emissionson globaltropospheridds;. The
principal aimsof the paperareto quantify the contributionsof EastAsianemissiongo global
O3 during springtime,to relatetheseto the meteorologicatonditionsover the sourceregion,
and thus to examine how meteorologicalmechanismgontrol the balancebetweenlocal air
guality and global climate forcing. In section2, we evaluatethe performanceof the model
usedin this studyagainstO; tendencieslerived from TRACE-P obsenations. This campaign
provided extensie obsenationaldatafrom two aircraft operatingin the region with sufficient
detail to allow thoroughtestingof currentphotochemicatheory[Cantrell et al., 2003]. We
examinethe regional productionof O3 from EastAsia during the springof 2001in section3.

We thenfocuson the daily variability in O; productionfrom eachday’s emissionsn section4,
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exploring its dependencen meteorologicatonditions,andnoting generallyoppositeimpacts
onairqualityandclimateforcing. We concludeby testingthesensitvity of productiornto specific

meteorologicalariablesandidentifying potentialbiasesn this study

2. CTM OzoneProduction

This study usesthe Frontier ResearclBystemfor Global Change(FRSGC)versionof the
University of California, Irvine (UCI) global chemicaltransportmodel (CTM), describedn
WiId and Prather[2000]. The modelis run at T63 resolution(1.9°x1.9°), with 37 eta-levelsin
the vertical, andis driven by 3-hourmeteorologicafields for Spring2001generatedvith the
EuropearCentrefor Medium-RangaVeatherorecast§ECMWF) IntegratedForecasiSystem
(IFS). Theconfiguratiorof themodelandmeteorologicatlatausedin thesestudiess described
in moredetailin WId etal. [2003], andis presentedvith an evaluationof the O3 simulation
duringthe TRACE-P periodagainstobsenationsfrom aircraft,ozonesondeandsatellite. The
modelusesa linearizedstratospherichemistryfor O; [McLindenet al., 2000],andcalculates
a reasonablenet flux of O; from the stratospheréo the troposphereof 557 Tg/yr. With this
treatment,the model is able to capturethe short-termvariationsin total column O3 which
affect photolysisratesin the troposphereaswell asthe magnitudeandtiming of stratospheric
intrusions.The generafeaturesof the O; distribution overthe Pacific arereproducedrery well
[Wild et al., 2003], althoughthereis a tendeng to overestimatehe total O; columnat 45°N
by aboutl12%comparedvith columnsfrom the TOMS satelliteinstrumentandto overestimate
boundarylayer O; nearpolluted continentalregionsby an averageof 12 pphv at ozonesonde
locations. Furthermodelevaluationandassessmertf the representatienesof the TRACE-P

measurements presentedn Hsuetal. [2003].
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To evaluatethe CTM simulationof O productionover the westernPacific, we compare
the instantaneouset chemicalproductionof O3 sampledrom the modelfields at one-minute
intervals along the flight tracksof the NASA DC-8 and P-3B aircraft during the TRACE-P
campaigrwith thosedervedfrom photochemicasteady-statbox modelcalculationgdrivenby
obsenedprecursoconcentrationandphotolysisratecoeficientsusngtheGeogiaTech/NASA
Langley box model[Crawford etal., 1999]. Figurel shavs the meanlatitude-heightendeng
for O3 for all flights overthewesternPacificregion, binnedontothehorizontalgrid of themodel
(~190km) andonto500-mlevelsin thevertical. Wherekey obsenationalvariablesonstraining
the box modelare unavailable,andthe O; tendeng cannotbe calculatedthe CTM valueis
omittedsothatthe samplingis identical. Ozonedestructiordominatesn thelowertroposphere
southof 27°N andbelon 6 km in clean,marineair massesnorth of this region thereis strong
productionin the lower tropospherén the continentaloutflow from ChinaandKoreaandfrom
source®verJapan.Thisclearseparatiomto two distinctregimesis similarto thatfoundduring
thePEM-WestB campaigrin 1994 Crawford etal., 1997],andreflectdboththelocationof major
sourcesandthe key meteorologicaboundariesn Spring. Thereis significantO; production
in the uppertropospherever the whole region, greatesat about10 km, similar to that found
threeweeksearlierin 1994duringthe PEM-WestB campaign Crawfod etal., 1997]andone
monthlaterin 1998duringtheBIBLE-T campaigrfMiyazakietal., 2003]. Thegrossproduction
rate, definedasthe sumof the ratesof NO reactionwith modelledperoxy radicalsfollowing
Crawford etal. [1997],is shavn separatelyn thelowerpanelin Figurel. While boundarylayer
productionis reasonablyvell matchedthereis asignificantunderestimationf formationin the
middle and uppertroposphereelative to the constrainednodel, which contributesto a mean

underestimationf netproductionof about30%in thisregion. Thedestructiorratematcheghe
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constrainednodelmore closelyexceptin the pollution plumessampledbetween2 and6 km.
Thelocationsof mary of the plumefeaturesare capturedbut the magnitudeof formationand
destructionin theselayersis typically underestimatedsthey fall below the grid scaleof the
model.

The simulationscanbe comparedn more detail by consideringthe statisticaldistributions
of the aircraft and model dataalong the flight tracks averagedover 1-km altitude bins, see
Figure2. In thelowertropospherethe netproductionis reasonablyvell matchedalthoughthe
high-enddistributionsaresomevhatlow asplumeconditionscannotbereproducedBetween?
and5 km, thereis slow netdestructionandbothformationanddestructiorratesremainlarge;
above 5 km, destructionis slow, andformationdominates.Theprofile of themainO; precursor
speciesNO,, isreproduceadvell in shapeput meanabundancesareconsistentlyunderestimated
by about35%. Consequentlywhile the grossO; destructiorrateis simulatedwell, the gross
formationrateis onaverage20%Ilow. TheCTM doesnotcapturehevariability in O3 formation
driven by the presenceof plumes,which also contributesto this bias. The O; profile reveals
anoverestimatiorin the boundarylayer, but the meanabundanceof O; is 9% low in the 6—10
km region, consistentvith underestimatedroduction.Notethatthelargermodelledvariability
in O3 in this region indicatesthat stratospheriénfluencealsomakesa significantcontribution
here. The principal oxidationproductsof NO,, nitric acidandperoxyacetyhitrate (PAN), are
reproducedeasonablyvell in the freetropospherebut areoverestimatedy about70%in the
boundarylayer. This mayreflectpoorsimulationof regionalemissionor depositionprocesses,
but it may alsobe attributedto overestimatiorof O3 andhenceOH productionin the polluted

boundarylayer, leadingto oxidationof NO, whichis too rapid.
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The photolysisfrequencieof O3 andNO,, which play importantrolesin O3 formationand
destructionaregenerallywell simulatedwith meanvalues2% and13%above thoseobsered,
respectrely. Thisreflectsuncertaintiesn thesimulationof cloudcoveraswell asin calculation
andmeasuremengrror, andis similar to comparisongrom previous measurementampaigns
[Shetteretal., 2003]. Specifichumidityis generallyreproducedvell in themeteorologicafields
atthesurfaceandin coastategionsatozonesondstationdWld etal., 2003]. It is overestimated
by anaverageof 2% comparedvith diodelasethygrometemeasurementsomtheDC-8aircraft
[Podolsleetal., 2003],andby 6% comparedvith thecompositaneasurementssedio drivethe
boxmodel,heavily biasedby overestimatiorat5—8km overtheocearat 30—35N. Thismaybe
partly responsibldor overestimatiorof OH andHO,, which areon average9% high compared
with the box model. Note, however, thatthis falls well within the 30% 1-o error estimatedor
theboxmodelcalculationgDavisetal., 2003],andthattheerrorin the CTM simulationis likely
to be larger However, OH is 60—-80%higherthanthe aircraft obserationsin the middle and
uppertroposphereindicatinga significantdiscrepang betweenthe measurementandcurrent
understanding@f photochemistryhatremainsto beresohed. The overestimatiorof HO, with
thebox modelalsohighlightsthe uncertaintyin the measurement-demdO; tendencies.

Theoverestimatiorof O; andNO, in the boundarylayerandunderestimatiof NO, in the
free tropospheresuggesteitherthat thereis insufficient vertical lifting of O3 and precursors
out of the boundarylayer, or that O; is producedon time scaleswhich aretoo shortcloseto
sourceregions. The simulateddistributionsof CO have beenevaluatedelsavhere[Kiley etal.,
2003;Hsuetal., 2003],andthoughalundancesreunderestimatetiereby an averageof 6%,
no significantverticalbiassuggestingnsufiicientlifting is evident,seeFigure2. It is therefore

likely thatthetheunderestimationf O; productionin themiddleanduppertroposphereelative
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to the constrainednodelis dueto shortermodeltime scalesfor productionin sourceregions,
causedy neglectingtheimpactof aerosokffectson photolysisrates[Martin etal., 2003;Bian
etal., 2003; Tang et al., 2003], by simplificationsof hydrocarboroxidationand omissionof
heterogeneousrocessem the chemicalschemeandby the effectsof coarsemodelresolution
onnonlinearHO,/O3/NO, chemistry Theassumptiorof instantaneousmixing within amodel
grid boxis known to causeoverestimatiorof O; production[Sillmanetal., 1990;Chatfieldand
Delany, 1990; Jacobet al., 1993], andthe consequenteducedexport of precursorgnay lead
to reducedproductiondownwind. Theimplicationsof resolutionfor the presentstudywill be
addresseéurtherbelow.

The uncertaintiesn this comparisorare clearly large, and originatefrom sourcestrengths
andtheirvariability, from samplingtherelatively coarse-resolutio@TM datain the presencef
small-scaldeaturessuchasoutflow plumesandcloud cover, andfrom theassumptionsisedin
derving instantaneougroductionin thetwo models.Neverthelessthemagnitudesndpatterns
of formation and destructionagreesufficiently well to improve confidencein our ability to
simulateO; productionin thetroposphereyhile alsopointingto potentialbiasesn thesemodel

simulations.

3. RegionalOzoneProduction

Wefirstconsidethetemporabndspatialvariationsn O; productionovertheeastAsianregion
duringthe TRACE-P campaigrperiod. Thedaily netO; productionratein the boundarylayer
over theextendedregion (5°—45°N, 95°-150E) for Februaryto April 2001is shovn in Figure
3. Themeannetproductionrateis 246 Gg day !, anddoesnot changemuchover the period,
althoughthe day-to-dayvariability is large, about28 Gg day! (1s). Thetotal netproduction

in theregionalboundarylayerovertheperiodis 21.9Tg. Themeannetproductionratethrough
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the depthof the tropospheras 320 Gg day !, indicatingthat free-tropospheriproductionis
responsibleor about23% of the total net productionover the region. This is in reasonable
agreementvith earlierstudies[Pierce et al., 2003] which estimatech meanproductionrate of
370Ggday ! betweerMarch7 andApril 12,2001,overadomainslightly largerthanthatused
here;wefind aproductionrateof 340Ggday ! overthesameperiod. Althoughwe chooseotto
diagnosehegrossflux of O; from thestratospherenthegroundghatit is resolution-dependent
andthusnot a usefulmeasureof stratosphere-troposphesechangegHall and Holzer, 2003],
we find thatabout30% of the O; over theregionis of stratospheriorigin, droppingto 20%in
theboundarylayer, consistentvith earlierfindings[Pierceetal., 2003].

ThenetO; productionratein theboundarylayerover China,the closestsourceregion to the
measurementsiadeduring TRACE-R is shovn separatelyn Figure 3, andaccountdor just
over half of the netregional production,134 Gg day!. Theincreasingphotochemicahctivity
overthismorenortherlypartof Asiaduringspringtimeleadsto a cleartrend,with O3 production
increasingby an averageof 0.70 Gg day 2. This trend appearsstrongerin the first half of
the period. Theresidualproductionfrom eastAsia outsideChinadecreaseduring the period,
as productionis dominatedby biomassburning sourceswvhich peakin Februaryand March;
consequentlyherelative importanceof sourcesn Chinaontotal regional productionincreases
stronglyover the period, from 45% at the beginning of Februaryto 63% by the end of April.
The variability in the detrendeddaily productionis 15% (10), andreflectsdifferencesn the
meteorologicalariablesthat modulateO; production,in particularcloud cover, temperature
andboundarylayerresidencegime. Thiswill beexploredin moredetailin thefollowing section.

In contrasthetboundarylayer O; productionover Europeis foundto averagel25Ggday *

over the sameperiod,andover the United Statesis 187 Gg day !, seeTable1. Both regions
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exhibit largertemporaltrends,2.0 Gg day 2 over Europeand3.0 Gg day 2 overthe US.
Toinvestigatahetrendin netO; productionoverthespringseasotin moredetail,we examine
productionover large, heavily-populatedmetropolitanregionsin EastAsia, focusingon Hong
Kong, ShanghaiBeijing and Tokyo. Figure4 showns the monthly-mearproductionratein the
boundarylayerover each2°x2° region, togethemwith its day-to-dayvariability. Overthe south
of the region, O3 productionis strongandthe seasonaincreases weak;thereis a decrease
in productionover HongKongin April causedy a decreasén biomassourning sourcefrom
neighbouringegionsandby increasecloudcover. In contrastmorenortherlyregionssuchas
Beijing andTokyo shaw rapidly increasingphotochemicaactvity dueto longerdaylighthours
andhighertemperaturesOzoneformationis sufficiently slow in Februarythattotal boundary
layerproductionis small,andfor Beijing we find asmallnetdestruction.Consequentlyhereis
astronglatitudinalgradientin O; productionin Februarythatdisappearby April. A significant

gradients still presenduringthe Marchtime periodof the TRACE-Pcampaign.

4. Regionalvs. Global Production

BoundarylayerO; formationfrom regionalprecursoemission®ccursonrelatively shorttime
scalesandis importantin controllingregionalair quality. However, theimpactsof thesesurface
emissionn the global O; budget,importantfor assessingffectson climateandtropospheric
oxidizing capacity is also dependenbn continuedproductionin the free tropospheregrom
transportegrecursorsywhich occursonlongertime scales.Therelative importanceof regional
and downwind productionfor the global O3 budgetis strongly dependenbn meteorological
processesand hasnot beenclearly characterized.The sensitvity of the large-scaleimpacts
on O; to the occurrenceandtiming of deepcorvectionhasbeenhighlightedby Chatfieldand

Delany[1990], andthe sensitvity of productionin pollutedair-masse$rom North Americato
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dilution andthetiming of lifting processesvertheNorth Atlantic hasbeenexploredby WiId et
al. [1996]. Herewe quantifytheimportanceof O3 productionin thefreetropospheréom fossil
fuel sourcesn EastAsia,andexaminehow meteorologicaprocessesontrolits variability. The
aim is to investigatethe evolution of the chemicaloutflow over the Pacific in springtimeand
its sensitvity to meteorologyandhenceto contritute to a betterunderstandingf the global
impactsof thisregion.

We determinethe influenceof pollutedmetropolitanregionsby makinga small perturbation
(20%)to thefossilfuel andindustrialsource®f NO,,, CO,andnon-methanéydrocarbonsvera
singleregionfor oneday Wefollow theimpactof thisperturbatioroverthefollowing 5weeksy
comparinghissimulationwith acontrolrunwith thestandare&missions Separat@erturbations
are performedfor eachof the 31 daysin March andfor eachof the four metropolitanregions
definedabove. Theresultsarepresentethereasalinearizedextrapolationof thedaily emissions,
scalingthemodesthangesppliedto afull day'semissions.Theprimarydiagnosticpresented
arethe grossproductionof O3 andthe perturbationto O3 aklundance. The grossproduction
providessomeinsightinto the time scalesandlocationof chemicalformation. However, the
impactsof precursoemissiongreprincipallydrivenby theadditionalO; abundance Thisis the
moreusefuldiagnosticsincethelifetime of O; variesgreatlywith latitudeandaltitude,andmay
be sufficiently shortcomparedo transporthat muchdoesnot escapehe region of formation.
Both thesediagnosticsareconsideredver threedistinctvolumes:theregionalboundarylayer
(RBL) overthemetropolitarregion, thedistantboundarylayer(DBL) comprisingtheboundary
layerovertherestof theglobe,andthefreetropospheréFT). Thesehreevolumegogethercover
the globaltroposphereTo reducethe computationatequirement®f this study the horizontal

resolutionof themodelisreducedo T21(5.6°x5.6°). Whilethisincreasetheeffectivesizeof the
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metropolitarregionsconsideredtheadditionalspatialaveragingmayalsoleadto overestimation
of regionalO; productionasnotedabove. Wefind anincreasen O3 formationin theEastAsian
boundarylayerin Marchof aboutl0%;sampledalongtheaircraftflight tracksthereis increased
productionbelow 2 km, reducedproductionbetweer? and8 km, andvery little changen the

uppertroposphere;onsistentvith thechange@ chemicatimescalegxpectediuetoresoluton.

4.1. Evolution of OzoneProduction

Figure5 shaws contrastingexamplesof regionalandglobal O3 perturbationgollowing emis-
sionspulsesover Shanghai. The meteorologicakonditionson thesedaysandthe additional
grossO; productionover thefirst threedaysare shovn in Figure6. On March 12, the region
wasdominatedby a high pressuresystemwith clearskiesandlow humidity, leadingto rapid
boundarylayer O; production.Large-scalesubsidenc@reventedlifting of precursorandout-
flow of air was principally at low altitudes;direct export of O3 and further productionfrom
exportedprecursordothcontributeto aboundarylayerenhancemerdutsidetheregion. Signif-
icanteastvardtransportandlifting do notoccuruntil afterthethird day, by which time mostof
theadditionalprecursoNO, hasbeenremoved,andsubsequerntroductionabove theboundary
layer accountdor lessthan 10% of the total O3 production. After the first week, about60%
of theadditionalO; is in the mid-tropospher€750—-400hPa), but only about10% reacheghe
uppertroposphergabose 400hPa), mostlyin a singlelifting eventaheadf acyclonenortheast
of Japaron March 18 (day 7). The perturbationdecaysquickly in the mid-tropospher&ueto
chemicaldestructiorandsubsidencewith ane-fold decaytime of four weeks but moreslowly
elsavhere.Interestingly boundarylayer O; remainssteadyoverthe secondandthird weeks as

chemicaldestructionand depositionto the oceanis counterbalancedlmostequally by subsi-

Figure5

Figure 6
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dencefrom the troposphereindby additionalformationfollowing the subsidencandthermal
decompositiorof PAN overthe easterrPacific.

In contrastpnMarchl6theareavasunderheavy cloudcovercloseto aregionof cyclogenesis,
andboundaryayerO; formationwasgreatlyreduced Regionalproductiorpealedonthesecond
day, andtotal productionwasonly half thatof March12. However, cornvectionassociateavith
thecloudcoverlifted precursorsnto thefreetroposphereandsignificantadditionalformation,
almost40%of thetotal,occurghereonlongertime scales. ThemaximumglobalOs; perturbation
doesnot occuruntil day 7, emphasisinghe slower meanchemicalformationratescompared
with March12, butthemagnitudas verysimilar. A largerproportionof theO; changg25-30%)
occursin theuppertropospherandis stronglydominatedoy downwind production,n contrast
to March 12. However, O; in the mid-tropospheralecaysmore quickly in this case,with a
lifetime of threeweeks reflectingdifferentmeteorologicalmpactsover the Pacificandbeyond,
andtheglobalperturbatiordecaysat a slightly fasterrate.

Although the precursoremissionsin thesetwo casesare the sameand the integrated O3
perturbationsare very similar (within 2% over the first month), the O3 responsesre quite
different. In the former caseregional productionis rapid and Os is then transportedo the
globalatmosphereyhile in thelatter caseproductionis slow, transporiof precursorss greatey
andtotal formationis dominatedby tropospherigoroductionoutsidethe region. Thesecases
arerepresentatie of the cook-then-mixand mix-then-cookscenario®f Chatfieldand Delany
[1990], althoughthe lifting processeserearenot asstrongasin thetropical regionsof South
Americathatthey considered.The combinationof lifting processepresenbover this regionis

revealedfor theMarch16 casen Figure6. Corvectivelifting of precursor®nthefirst dayleads
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to emhancemendf O; formationat 350 hPa, but slower lifting aheadof afrontal systemon the
third dayleadsto arising bandof enhancedormationin thelowertroposphereeachingl4C°E.
The evolution andlocationof additionalgrossproductionis shavn in Figure7. While pro-
ductionin theregionalboundarylayeris limited to 3—4daysdueto transporof precursorsut of
theregion, subsequenfiormationin thetroposphereontinuesor morethana month. Initially
thisis restrictedcloseto thesourceregion; the3-dayperiodshavnin Figure6 represent30%of
thetotal formationfor March12,and50%for March16. Thegreatedirectexportof precursors
on March 16 leadsto much greaterproductionoutsidethe region in the first week, most of
which occursover the WesternPacific. Thelongitudinalvariationin Figure7 suggestshatup
to 18% of the formationfor the March 16 caseoccursbetweenl25°E and 15C0°E in theregion
sampledduringthe TRACE-Pcampaignput only 6% for the March 12 case.However, in both
casesnorethan25%of formationoccursafterthefirst week,andalmost20%occurseastof the
dateline. For the March 16 case,O3 formationdropsoff steadilywith time anddistancefrom
the source,andfurther formationis governedby longertime scalesin the uppertroposphere.
FortheMarch12 casepntheotherhand,almost10%of thetotal formationoccursin thelower
tropospherever the easterrPacific, following subsidenceandthermaldecompositiorof PAN
duringthesecondveek. Note,however, thatthisregionremainsanetsinkfor Oz, asdestruction
of transportedD; formedearlierexceedghis additionalformation. This is in goodagreement
with previous studiesof the central/easteriorth Pacific region by DiNunnoetal. [2003].
Despitethe differentregional responsesthe net global responsesre of similar magnitude,
suggestinghatit may be possibleto parameterizeéhe globalimpactson O3 basedon regional
emissionsalone. However, this is not alwaysthe case,andthe globalimpactscansometimes

differ substantiallyaswe shalldemonstrat&elow.
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4.2. GrossProduction

We calculategrossO; productionoverthesourceregion andovertheglobein thefirst month
following eachpulseof emissions. Figure 8 shows the grossadditionalformationfollowing
pulsesfor eachday of March over Shanghaand over Tokyo. For eachregion emissionsare
the sameeachday; while NO, emissionover the two regionsarecomparableCO emissions
over easternChinaare almostfive timeslarger than over Japandueto the prevalenceof coal
andbiofuel burning. The sameexperimentswere performedfor Beijing andHong Kong; the
impactsaresimilarto thoseover Tokyo andShanghairespectrely, andthetotal productionand
variability arepresentegeparatelyn Table2.

Ozoneformationfrom local sourcesover the Shangharegion is more thantwice that over
Tokyo, but total global formationis similar, only about15% greater In both casesformation
downwindof thesourceregiondominateglobalformation,with regionalproductionaccounting
for about40% of thetotal from Shanghaibut lessthan20%from Tokyo. Thelower proportion
for Tokyo reflectsboth longertime scalesfor chemicalformationdueto lower temperatures
andshorterdaylighthoursandshorterair massresidencdimesdueto differentmeteorological
conditions. Stagnantanticyclonic conditionsare more commonover easternChina,andlead
to greatemproductionandlessvariability thanthe changeableonditionsassociateavith frontal
passag®ver Japan.Both regionsshav a greaterdaily variability in regional production(20—
40%)thanin global production(8—12%),suggestinghatregionalmeteorologyhasarelatively
smallimpacton total grossproduction,andexertsmore control over the locationof formation
via thechemicalanddynamicaltime scaleghanover its total magnitude.

Downwindproductionin thetropospheres atleastasimportantfromthemorenortherlysource

regions of Tokyo and Beijing asfrom Shanghaiand Hong Kong, despitethe lower regional
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prodluction. However, the longertime scalesfor chemicalformation suggestthat the more
southerlyregionswill make a biggercontribution to total productionoverthewesternPacificin
theregion sampledduringthe TRACE-Pcampaignwhile themorenortherlysourceslominate

atgreaterdistances.

4.3. Mean Burden

Theimpactsof precursoremissionsareprincipally drivenby the additionalabundanceof Og
ratherthanby the grossproduction. We thereforeconsiderthe additionalmeanglobal burden
over the first month, broadly representatie of the radiatve impactsover the period, andthe
meanregionalburdenaveragedverthreedays,reflectingtheimpactson air quality, seeFigure
9. Thisrevealstheimportanceof thelocationandlifetime of the O3 formed.

For Shanghaithe variability in the regional burdenis muchlarger thanthatin production.
Fair-weathey anticyclonic conditionsfavouring O; formation, suchasthat on March 10-12,
areoftenassociatedvith relatively stagnantonditions,andOs build-up is consequentlyarge.
However, suppressionf lifting processem theseconditiondeadso exportof O; andprecursors
principally in the boundarylayer, wherethe lifetime of O3 is shorterthanat higheraltitudes,
andwhereadditionalproductionfrom exportedprecursorss relatively inefficient. Theimpact
ontheglobalburdenis consequentlyessin thesestagnantonditionsthanat othertimes. This
confirmsspeculatiorby Sillmanand Samsor{1995], basedon studiesof O3 productionin a
one-dimensionamodel, that the global burdenof O; may be affectedto a greaterextent by
surfaceemissionsvhenlocalizedhigh O; doesnotoccur

Over Tokyo, thefrequentpassagef cyclonic systemsn Marchdoesnotallow muchbuildup
of O3 fromregionalemissionsHowever, theimpactsontheglobalburdenarealmost50%larger

thanover Shanghaidespitelower grossproduction. This is becauséormationanddestruction
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are sufficiently slow that more O; reacheshigheraltitudesand latitudeswherethe lifetime is
longer ThehigherCO emissionover Shanghaareresponsibldor about40% of theglobal O3
perturbationand25% of the regional perturbationsuggestinghat Tokyo may have morethan
twice theimpacton the global O3 burdengiventhe sameemissions.The greatemrmeanglobal
burdenwould suggesthatthesenortherlyfossil fuel sourceshave a greateimpacton climate
forcing throughO; thanregionssuchasShanghaor HongKong. However, afull assessmeiuf
theclimateimpactswould requirea detailedcalculationof radiative forcing takinginto account

thelocationof thesechangesandinclusionof theindirecteffectsontropospherianethane.

4.4. OzoneProduction Efficiency

To highlight theimportanceof the balancebetweernchemicalanddynamicaltime scaleswe
considetthelocationandproductionefficiengy of O; formedfrom eachday’s emissionsFigure
10 shaws the grossproductionof O3 againstthe NO,, lost for eachpulse over the regional
boundarylayer (Shanghaor Tokyo), the distantboundarylayer, andthe freetroposphereThe
global productionis the sumof the productionin thesethreedomains,andthetotal NO, loss
is the samein eachcaseandis equalto the additionalemissions.The productionefficiengy is
definedhereasthe grossproductionof O3 permoleculeof NO, lost,asin Liu etal. [1987].

Foreachsourcaegion,theO; productionvaluesclusterquitecloselyalonglinesrepresentatie
of the O; productionefficiency for that domain,and meanproductionefficienciesarelabelled
in the figure. While thereis a small spreadin efficienciesreflectingdifferentconditions,the
valuesare sufficiently differentover the domainsconsideredtypically a factorof 10 between
the polluted boundarylayer and the free tropospherethat the clustersremainquite distinct.
Over Shanghaian averageof 40% of the grossO; productionoccursin the boundarylayer

from about 70% of the NO, emitted. Respectiely 40% and 20% of the productionoccur
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in the distantboundarylayer andfree tropospherewhere productionefficienciesare highet
Chemicatltime scalesaresufiiciently rapid thatthe boundarylayerdominatesemoval of NO,,
andonly anaverageof 4% reachegshe freetroposphere Note, however, thatthe coarsemodel
resolutionusedin thesesimulationsmay leadto a systematidiasin theseconditions,with an
underestimationf NO, exportasseenn Section2. Over Tokyo, 20%of theproductionoccurs
in the boundarylayer from 50% of the NO, emitted,with another50% in the boundarylayer
outsidethe sourceregion. Slower chemicalproductionandshorterdynamicaltime scaledead
to a muchgreatervariability in boundarylayer NO, removal, andan averageof 10% reaches
thefreetroposphereThe O3 productionefficienciesover eachdomainareabouthalf thoseover
Shanghaigconsistentwvith slower photochemicaformation. However, the total productionis
similar dueto the differentdistribution of productionbetweenthe domains. This emphasizes
theimportantrole thattransporiof precursorplaysin controllinggrossOs; production.
Dayswith heary daytimecloud cover (optical depthgreaterthan 10) are highlightedwith
unfilled markersin Figure10. Thesetypically have lower productionefficienciesin theregional
boundarylayerdueto theincreasedloudcover, but slightly higherproductionefficienciesin the
freetroposphereBoundarylayerNO,, lossis lessthanaveragedueto thelower abundanceof
OH, anda greatemproportionof the NO, is lifted into thetropospherdy corvective processes,
wheretotal productionis abouta factor of two greater Consequentlythesechangesn time
scalesshift someO; productionout of the boundarylayerinto the freetropospherebut do not
alter the grossproductionor the meanburdengreatly Comparingthe 5 daysof heary cloud
coverover Shanghawith 10largely cloud-freedays,we find anincreasen grossproductionof
5% andanincreasan meanburdenof 10%, suggestinghat the impacton global O; may be

largeron overcastdaysthanin fair-weatherconditions.
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4.5. Sensitvity to Meteorology

Toinvestigateéhesensitvity of regionalandglobalO; productionto meteorologicaprocesses,
we considertthechangeso the conditionsover Shanghaon March 16 requiredto reproducehe
additionalO; foundonMarch12. Corvection rainfall andcloudopticaldepthover Shanghaare
removedfor March16,andthetemperaturehumidity, boundarylayerheightandO; columnare
setto approximatehefair weathewaluesof March12, for bothemissiorpulseandcontrolrun.
With all changespplied,global productionis about15% greaterthanon March 12, reflecting
the effectsof differing transportpatternsandresidenceimes,which werenot altered.

By alteringeachvariablein turn,andneglectingthe couplingbetweerthem,we estimatehat
about60% of the differencen regional productionis dueto cloudcover suppressinghotolysis
rates,20%is accountedor by reduceddilution of precursorglueto the lower boundarylayer
height,and15%is dueto suppressedonvectionpreventinglifting of precursorsTheremaining
5% is dominatedby increasedemperatureput also reflectsreducedhumidity and total Os
column. Suppressingorvectionreduceshe global productionby about20%, reflectingthe
greaterproductionefficiency per moleculeof NO, in the free troposphereput reducesthe
additionalglobal burdenof O3 by 45% dueto the shortlifetime of O; in the boundarylayer.
Remawing the impactof cloudson photolysisratesincreaseglobal productionby about15%,
with 60%greatetboundarylayerproductionbalancedigainst%lessproductionelsavheredue
to lackof enhancemeni photolysisratesabove clouds,andto reducedexportof precursorsiue
to shorterproductiontime scales. The resultantimpacton the global burdenis very small, as
theseeffectscancel.Increasingheboundarylayermixing height,appropriate¢o thefair weather
conditionson March 12, leadsto anincreasean global productionof almost40%asit provides

an alternatve methodof lifting precursorsnto the free troposphere.Note, however, that no
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attampthasbeenmadein this sensitvity studyto keepthe conditionsdynamicallyconsistent.
Stagnatiorand subsidenc®n March 12 prevent precursorsexportedby this mechanisnfrom
being carriedaway to regionsof higherproductionefficiengy. This interactionof dynamical
processesmphasisetheneedior boundarylayerturbulenceto befully consistentvith thelarge
scaledynamicgo correctlysimulateproductionof O3 in thefreetroposphereNeverthelessthis
sensitvity studydemonstratethattheclearsky conditionswhich stronglyinfluenceregionalO;
productionmay have little impacton theglobalabundanceof O3, andthattheseglobalimpacts

aremoststronglyinfluencedby lifting processes.

5. Conclusions

Wehave exploredthemagnitudeandpatternof O3 productiorfrom continentakmissiosover
EastAsiain springtimeusingaglobal CTM. Thestrengthandweaknessem the simulationof
regional O; productionaredemonstratedy comparingt with valuesderivedfrom obsenations
duringthe NASA TRACE-Pmeasurementampaign.The latitudinalandaltitudinal variations
in productionanddestructiorarewell simulated althoughthereis atendeng to underestimate
net productionin the uppertroposphereandto overestimatet in the pollutedboundarylayer,
suggestinghatthe time scaledor productionin the modelaretoo short. High productionand
destructiorratesarefoundin continentabutflow regions,but themagnitudesrenotreproduced
well wheresmall-scaleollution plumesoccurat or below the modelresolution.

We presentan O3 budgetfor EastAsia in springtime finding relatively constanfproduction
overtheseasonHowever, we notethatthis masksanincreasdrom northeasAsiansourcesgue
toincreasinglyefficientphotochemicalormation,andadecreaseversoutheasfsiaasthepeak

in biomassurningemissionfhaspassedOvereastermsia, we noteastronglatitudinalgradient
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in O3 productionfrom large urbansourcesn Februarywhich diminishesduringspringtimeand
vanishesy April.

We demonstratéhat O; productionover major eastAsian sourceregionsis highly variable,
andis largely governedby meteorologicalprocessesas previous studiesover other regions
have found[e.g.,Jacobet al., 1993]. On a global scale,we find that regional meteorological
variationshave muchlessimpacton the global productionthanon the regional productionof
O3, but thatthe netburdenof Oz is more dependenbn themdueto the variationin location
of production. Warm, stagnantanticyclonic conditionsgreatlyfavour regional O3 production
which may leadto significantpollution episodesbut reducedexport of precursorsupporting
subsequenproductionandlittle lifting of the O; formedleadsto shortO; lifetimesandsmall
globalimpacts.In cool, cloudyconditionsboththeregionalformationrateandtheefficiency of
productionfrom precursorsarereducedput shorterboundarylayerresidencgimesandlifting
of O3 andits precursordy corvectionassociateavith cloudcoverenhanceboththeefficiengy
of productionandthe lifetime, andthe globalimpactsaretypically larger thanin fair-weather
conditions.We suggesthatthereis often a balancebetweerthetime scaledor formationand
for transportwhich buffersthetotal production but thatthe consequentariationin thelocation
of productionmay have a largeimpacton the chemicallifetime of the O3 formed. Theimpacts
ontheglobalburdenof O3, importantfor assessmemt climateeffects,aremoresensitieto this
balance Attemptsto estimateglobalimpactson O3 basednregionalexportof precursorsvould
thereforegreatlybenefitfrom someconsideratiorof the altitudinal distribution of expectedOs
formation.

Understandinghe chemicalevolution of continentaloutflow from Asia formed one of the

objectvesof theTRACE-Pcampaign Wefind thatgrosschemicalbproductionin thetroposphere
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away from the sourceregion exceedsproductionin the regionalboundarylayerfor eachof the
four 500-kmsquaremetropolitanregionsconsidered While the balancebetweerregionaland
distantproductionis dependenbn the size of the region consideredproductionoutsidethe
regionalboundarylayerremainamportantin all casestudiedhere,andis greatemwhensource
regions are coveredby cloud thanwhen cleat anticyclonic conditionsprevail. The contrast
in springweatherbetweeneasternChinaand Japaneadsto the greaterimportanceof remote
productiondownwind of Tokyo thandownwind of Shanghaieventhoughformationratesover
thenorthwesterrPacific maybelessdueto thelongerchemicakime scalesnvolved. Thelonger
lifetime of O3 from thesemorenortherlysourceregionsleadsto a greateimpacton the global
burden,despitethe smallergrossproductionthatoccurs.

Whatbiasesare presentn theseresults? The relatively coarseresolutionof the modelused
hereis shawn to leadto overestimatiorof productionin theboundarylayerandunderestimation
in the freetroposphereandhenceboththe importanceof freetropospherigroductionandthe
meteorologicaimpactsontheglobalburdenmaybelargerthansuggestetiere. Thesimplebulk
mixing approacho boundarylayerturbulencemayalsoleadto overestimatiorof regionalpro-
duction[Wld etal., 2003]. Dustaerosofrom northernandwesternChina,maximumin spring,
and black carbonfrom high levels of wintertime coal-lurning both leadto significantreduc-
tion in photolysisrates,andmaybe expectedo reduceregional O; production.Heterogeneous
chemicalprocessesnthesurfaceof theseaerosoimayalsoinfluenceproduction[Jacoh 2000].
Our conclusiongegardingtheglobalimpactson O; arealsosensitve to thechemicalreatment
of PAN in themodel,which s responsibldor muchof the remoteO; formation. Despitethese
inadequaciesye demonstratéhestronglink betweernregionalmeteorologicaprocesseandO;

productionandsuggesthatfuture studiesocusingon otherpartsof theworld at othertimesof
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yearexplorein moredetailhow themechanismsontrollingO; transporalsoaffectits chemical

productionandlifetime.
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Tablel. NetBoundaryLayerOs; ProductionfFebruary—April2001.

Region Domain

Production Trend
Ggday ! Ggday 2

EastAsia 5°-45N 95-150E
China 22-45N 100°-125E
Europe 35-67N 10°W-3CE
U.S. 284N 124-70W

246 0.1
134 0.7
125 2.0
187 3.0

Table2. OzoneProductionfrom OneDay’s Emissionf Precursorsn March2001.

Region Emissions GrossProduction MeanBurden
NO, CO Region Globe Fraction Region Globe
(10* kgN) (10° kg) (10° kg) (10° kg) inregion (10°kg) (10° kg)
Beijing 730 195 2.44+1.3 16.9%2.6 0.14 0.03+0.15 5.6741.39
Tokyo 780 43 3.6+£15 18.74+2.3 0.19 0.29-0.33 7.77+1.43

Shanghai 720 21.1
HongKong 730 17.2

8.8+1.7 21.5+1.8
9.9+2.2 24.8+3.8

0.41
0.40

1.86+0.96 5.41+0.80
2.14+0.74 6.43+1.66
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Figure 1. NetchemicalO; tendeny (10° moleculescm™ s™1, top panel)over the WesternPacific
(westof 145°E southof 30°N, westof 16(°E north of 30°N) from the CTM (left) andfrom steady-
statecalculationsconstrainedy aircraftmeasuremenigight) alongflight tracksduringthe TRACE-P
campaign. The lower panelshaows the grossO; productionand destructionrates; note the different

colourscaleused.

Figure 2. Profilesof sampledvariablesbinnedby altitude shaving the mean(circles), median(ver-
tical bar), quartiles(definingbox) and10th/90thpercentileghorizontallines) at eachl-km level over
the WesternPacific region. CTM distributionsare shovn in cyan, aircraft obserationsin red, and

instantaneougendencie$rom steady-stateox modelcalculationsn blue.

Figure 3. Daily netchemicalO; tendeng in the boundarylayer over the eastAsian/westerrPacific
region (5°—45°N, 95°—150E, solid lines) and over China (22°-45°N, 100°—125E, dashed)etween

FebruaryandApril 2001,highlightingthe daily variability andtemporaltrendsover the period.

Figure4. NetchemicalO; tendeng over four large metropolitansourceregionsin EastAsia during

Spring2001.

Figure5. Additionalmassof O3 from oneday’s emission®f precursorgrom Shanghaon March12
(top)andMarch 16 (bottom). Notethatthealtituderegionsareadditive; togethemith the stratospheric

impacts(which aresmall) they give the globalperturbation.
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Figure 6. Column-and latitude-mearadditionalgrossO; production(pptv) over the first 3 days
following oneday’s emissionf precursordrom Shanghabn March 12 (left) andMarch 16 (right).
Meansea-l&el pressurécontoursiandcloudopticaldepth(shadingattheendof thefirstdayareshovn

in theupperpanels.

Figure7. CumulatveadditionalO; formationwith time (left) andwith longitude(right) following one
day’s emissionf precursorsrom Shanghaon March 12 (black) andMarch 16 (grey), revealingthe
temporalandspatialevolution of grossproductionover the first month. Theinsertsshav the absolute
productionon a log scaleto highlight additionalformationover the easterrPacific afterday 7 in the

March12 case.

Figure 8. Additional grossO; productionover onemonthoverthe sourceregion (black)andoverthe
globe(grey) following oneday’s emissionf precursorgrom Shanghaandfrom Tokyo for eachday

of March.

Figure 9. Meanadditionalmassof O; following eachday’s emissionf precursorg§rom Shanghai
andTokyo, shaving theadditionalO; overthesourceregion (averagedver 3 days,black)andoverthe

globe(averagedover onemonth,grey).

Figure 10. Grossproductionof O3 andlossof NO, from oneday of emissionsover Shanghaleft)
andTokyo (right) for eachday of Marchshaving formationin theregion boundarylayer (squares)in
the distantboundarylayer (triangles)andin the free tropospherécircles). Unfilled symbolsindicate

dayswith heary daytimecloudcover.



WILD ETAL.:. OZONEPRODUCTIONOVER THE WESTERNPACIFIC 35

Net Chemical Ozone Tendency (Box Model

Net Chemical Ozone Tendency (from CTM) 1
"4 ol "4 \ rrrrr
X EEEEEEEE Dvat T of
of = I of
88' R 88' """""""

SN74 0 e A B <71
g6  _mIEEO Y g6  _u
251 Ay S 254
<4 AN\ <= <41

31 B EETD\VAVE 31

21 I ) =S /N 2{

FEN = =7 v SN R T EEEE |

0' T 0 T

1ON 15N 20N 25N 30N 35N 40N 45N 1ON 15N 20N 25N 30N 35N 40N 45N

1e5 mol/cm3/s

-2 4 8 16 32
Ozone Production Rate (Box Model)

-32 -16 -8 -4

Ozone Production Rate (from CTM)

o] S
E ssE
1 RAA
1ON 15N 20N 25N 30N 35N 40N 45N
Ozone Destruction Rate (Box Model)

10N 15N 20N 25N 30N 35N 40N 45N
Ozone Destruction Rate (from CTM) 12

15N 20N 25N 30N 35N 40N 45N

: iy —— r 01—
1ON 15N 20N 25N 30N 35N 40N 45N 10N
1e5 mol/cm3/s

5 10 20 30 60 70 80 90

Figure 1. NetchemicalO; tendeng (10° moleculescm 2 s™1, top panel)over the WesternPacific
(westof 145°E southof 30°N, westof 160°E north of 30°N) from the CTM (left) andfrom steady-
statecalculationsconstrainedy aircraftmeasuremenigight) alongflight tracksduringthe TRACE-P

campaign. The lower panelshavs the grossO; productionand destructionrates; note the different
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Figure 2. Profilesof sampledvariablesbinnedby altitude shaving the mean(circles),median(ver
tical bar), quartiles(definingbox) and10th/90thpercentileghorizontallines) at each1-km level over
the WesternPacific region. CTM distributions are shovn in cyan, aircraft obserationsin red, and

instantaneoutendencie$rom steady-statbox modelcalculationsn blue.



WILD ETAL.:. OZONEPRODUCTIONOVER THE WESTERNPACIFIC 37

350

= N N w
a o a o
o o o o
T T T T
>
I I

=
o
o

AN \
L l\l\l\\, v 1
-1y

Chemical O, Tendency /Gg/day

a1
o
T
I

0 L L L L L L L L
30 40 50 60 70 80 90 100 110 120
Day of Year
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Figure5. Additionalmassof O; from oneday’s emission®f precursorgrom Shanghaon March12
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Figure 6. Column-and latitude-mearadditionalgrossOs; production(pptv) over the first 3 days
following oneday’s emissionsof precursorgrom Shanghaobn March 12 (left) andMarch 16 (right).
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in theupperpanels.
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Figure7. CumulatveadditionalO; formationwith time (left) andwith longitude(right) following one
day’s emissionf precursorgrom Shanghaon March 12 (black) andMarch 16 (grey), revealingthe
temporalandspatialevolution of grossproductionover the first month. Theinsertsshav the absolute

productionon a log scaleto highlight additionalformationover the easternPacific afterday 7 in the

March12 case.
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Figure 9. Meanadditionalmassof O; following eachday’s emissionf precursorgrom Shanghai
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